Apicomplexan protozoa of the genus Eimeria are a common cause of coccidiosis. Following ingestion of infective oocysts, coccidial parasites undergo a complex life cycle ultimately impairing the gastrointestinal tract and resulting in nutrient malabsorption, body weight loss, and in severe cases, death (13) . Cell-mediated immunity (CMI) plays a major role in host protection against coccidiosis in chickens (3, 27, 32) and mice (36, 49) . Alterations in lymphocyte subpopulations and cytokine production during Eimeria infections in both animals have been investigated to clarify the nature of protective immunity (2, 12, 25) . These studies have shown that gamma interferon (IFN-␥) is an important component of the host protective CMI (7, 26) . Chicken IFN-␥ has been cloned (9, 19, 41, 48) , and monoclonal antibodies (MAbs) against the recombinant protein have been used to further characterize CMI during coccidiosis (50) . Different species of Eimeria are known to display tissue tropism within the avian intestinal tract. For example, E. tenella primarily infects the cecum and cecal tonsils located at the ileocecal junction, which contain the major source of lymphocytes in the cecum. It was therefore of interest to examine the roles of lymphocyte subpopulations and IFN-␥ production in the cecal tonsils of chickens infected with E. tenella. To perform these studies, we took advantage of the fact that genetically divergent, inbred strains of chickens, SC (B 2 B 2 ) and TK (B 15 B 21 ), display different degrees of susceptibility to E. tenella infection. SC chickens consistently produce fewer fecal oocysts than TK chickens following E. tenella infection. These two strains were therefore examined with regard to the changes in intestinal lymphocyte subpopulations and cytokine production following E. tenella infection to ascertain the relative importance of these two parameters in acquired immunity to coccidiosis.
MATERIALS AND METHODS
Animals, parasites, and experimental infections. Fertilized chicken eggs of SC and TK chickens were obtained from Hyline International Production Center (Dallas Center, Iowa) and hatched at Livestock and Poultry Sciences Institute facilities, Agricultural Research Service, U. S. Department of Agriculture (Beltsville, Md.). The strain of E. tenella used was developed from a single oocyst isolation, originally from Wisconsin, and maintained at the Immunology and Disease Resistance Laboratory (Beltsville, Md.). Chickens were kept in brooder batteries in clean buildings until 3 weeks of age and then transferred to separate housing for experimental infection. Unless otherwise noted, chickens were inoculated esophageally with 10 4 sporulated oocysts on day 0 and subsequently given a secondary infection with 10 5 oocysts on day 21 post-primary infection (ppi). Chickens were given feed and water ad libitum, and constant light was provided throughout the study.
Oocyst counting. Fecal oocysts shedding was monitored in individual birds between days 5 and 9 following primary and secondary infections. Fecal samples were homogenized in a blade grinder, and two 35-ml samples were collected from each suspension. The oocysts were diluted in 0.2 M sucrose to 1:10 to 1:10,000 and counted microscopically in a McMaster chamber. Total oocyst number was calculated as oocyst count ϫ dilution factor ϫ (fecal sample volume/ counting chamber volume).
Preparation and staining of tissue sections. Cecal tonsils and the middle section of the cecum were removed, embedded in Tissue-Tek freezing compound, and quickly frozen on dry ice. Tissue blocks were sectioned at 5 m, placed onto poly-L-lysine-coated slides, immediately air dried, fixed in acetone at 4°C for 10 min, and stored at Ϫ70°C until use. Prior to staining, the slides were allowed to equilibrate to room temperature and nonspecific binding was blocked by 10-min incubation with normal goat serum at room temperature. Slides were incubated at 37°C in a humidity chamber with a MAb (HB-8335; American Type Culture Collection, Manassas, Va.) which detects E. tenella sporozoites and merozoites and washed three times with phosphate-buffered saline; bound MAb was detected with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (IgG; Sigma, St. Louis, Mo.), and the slides were washed with phosphate-buffered saline. Slides were examined and photographed using Vectashield mounting medium (Vector Laboratories, Burlingame, Calif.) with a Zeiss photomicroscope (Carl Zeiss, Hanover, Md.).
Lymphocyte preparation. Intestinal intraepithelial lymphocytes (IELs) were prepared as described elsewhere (24) . The region of the intestine approximately 2 cm below the duodenal loop and 2 cm above the ileocecal junction was removed, opened longitudinally, and rinsed with Ca ϩ2 -and Mg ϩ2 -free Hanks' balanced salt solution (CMF-HBSS; Sigma) containing 10 mM dithothreitol (Sigma). The intestine was cut into 3-cm fragments and incubated with swirling in 150 ml of CMF-HBSS for 10 min at 38°C, and the supernatant was discarded.
Intestinal sections were resuspended in CMF-HBSS containing 10 Ϫ4 M EDTA and incubated with constant swirling at 38°C for 20 min; lymphocytes were isolated from the supernatant by discontinuous 30% Percoll density gradient centrifugation at 600 ϫ g for 25 min at 24°C. To prepare lymphocytes from the spleen and cecal tonsils, single cell suspensions were produced by gentle pressing through a stainless steel mesh, and red blood cells and debris were removed by centrifugation through Histopaque-1077 (Sigma). Cells at the interface were collected, washed twice with HBSS, and adjusted to the desired concentration. The viability of all cell preparations was consistently greater than 95%.
FACS. Lymphocytes from spleen and cecal tonsils and IELs were adjusted to 10 7 cells/ml in fluorescence-activated cell sorting (FACS) buffer (HBSS, 3% bovine serum albumin, 0.05% NaN 3 ), and 100 l of cells was incubated with 100 l of previously optimized dilutions of MAbs to chicken CD4 (28), CD8 (28), T-cell receptor ␣␤ (TCR2), T-cell receptor ␥␦ (TCR1), or HB2 (negative control, anti-human T cells; American Type Culture Collection) at 4°C for 45 min with occasional shaking and washed three times in FACS buffer by centrifugation. Cells were incubated with FITC-conjugated goat anti-mouse IgG (1:400) at 4°C for 30 min with occasional shaking, washed and resuspended in 500 l of FACS buffer, and analyzed with an EPICS-XL-MCL flow cytometer (Coulter, Hialeah, Fla.). A minimum of 10 4 viable cells from each experiment was analyzed. Data are presented as the ratio of the number of cells stained with specific MAb from E. tenella-infected chickens compared to cells stained with MAb from noninfected control chickens following subtraction from both groups of background staining by an irrelevant MAb (HB2).
Depletion of T lymphocyte subpopulations. Cecal tonsil lymphocytes (2 ϫ 10 7 ) were sequentially incubated with 2 ml of MAb (culture supernatant) against chicken CD8 or CD4 (28) antigens for 30 min at 4°C and rabbit complement (1:100; Cedarlane Laboratories, Hornby, Ontario, Canada) for 1 h at 41°C. MAb HB2 was used as a negative control. Viable cells were isolated by centrifugation through Histopaque-1077, washed twice, resuspended in HBSS, and analyzed by FACS. Cell depletion was routinely greater than 99.5%.
RT-PCR. IFN-␥ mRNAs were quantified by reverse transcriptase-mediated PCR (RT-PCR) as described elsewhere (7). Briefly, total RNA was isolated from 10 7 IELs, cecal tonsil lymphocytes or splenic lymphocytes by using TRIzol (Life Technologies, Gaithersburg, Md.), and cDNA was synthesized from 1.5 g using oligo(dT) and Moloney murine leukemia virus reverse transcriptase (SuperScript II; Life Technologies). IFN-␥ competitor cDNA (366 bp) was generated from the cDNA by PCR with forward primer cIFNf1 (5Ј-ACAGATCTGAGGAGCTCT ATACTCTG-3Ј) and reverse primer cIFNr1 (5Ј-AAAGATCTACAATAATAG GTCCACCGTCAGC-3Ј). Primer sequences and predicted sizes of the IFN-␥ target and ␤-actin (control) amplification products are listed in Table 1 . Primer sequences were chosen to permit amplification to span one genomic intron, thereby eliminating genomic DNA contamination. Total and IFN-␥ competitor cDNAs were mixed and coamplified in a 20-l reaction mixture containing 0.15 mM primers and 0.1 U of Taq DNA polymerase (Life Technologies). The reactions were performed for 32 cycles in a PTC-100 programmable thermal cycler (MJ Research, Watertown, Mass.) under the following conditions: 95°C for 30 s (denaturation), 57°C for 20 s (polymerization), and 72°C for 40 s (annealing). The concentrations of total and IFN-␥ competitor cDNAs were predetermined and fell within the linear region of the dose-response amplification curve under the conditions used. PCR products were separated on a 1.6% Metaphor-0.4% GTG agarose gel and stained with ethidium bromide. The intensities of IFN-␥ target and competitor bands were quantified using Sigma Gel software (Jandel, San Rafael, Calif.), and the relative staining density Statistical analysis. Results were compared by Student's t test using the SAS package (SAS Institute Inc., Cary, N.C.). A P value of less than 0.05 was considered statistically significant.
RESULTS
Fecal oocyst shedding in SC and TK chickens. As shown in Fig. 1A , both SC and TK strain chickens shed progressively more oocysts with increasing oocyst dose following primary infection, while SC chickens excreted significantly fewer oocysts than TK chickens at 10 4 , 10 5 , and 10 6 oocysts (P Ͻ 0.05); no differences were noted at doses of 10 2 and 10 3 oocysts. Following secondary infection (Fig. 1B) , oocyst excretion decreased with increasing oocyst doses, and TK chickens again shed significantly more oocysts compared to SC chickens (P Ͻ 0.05). In general, higher primary oocysts induced greater immune protection than lower doses following secondary infection. A primary inoculation dose of 10 4 oocysts was chosen for further study based on the relatively high oocyst output with minimal clinical damage to epithelial cells, villi, and the mucosal surface in the cecum and cecal tonsils (data not shown).
Intracellular development of coccidia in the cecum and cecal tonsils. Figures 2A and B illustrate parasite localization within the cecum and cecal tonsil of SC chickens at day 3 ppi. The staining pattern in both tissues was virtually indistinguishable using an E. tenella MAb that recognizes both sporozoite-and merozoite-associated antigens. Similar results were seen using tissue sections from TK chickens (data not shown). Invading sporozoites which were seen inside cecal tonsil cells at 24 h postinfection (Fig. 2C) developed into meronts at 48 h postinfection (Fig. 2D) . These results clearly demonstrated that E. tenella undergoes intracellular development in the cecum as well as cecal tonsils.
Changes in T-lymphocyte subpopulations in cecal tonsils during primary and secondary E. tenella infections. The ability of E. tenella parasites to infect intestinal cecal tonsils prompted us to examine changes in lymphocyte subpopulations express- Fig. 3A , the number of CD4 ϩ cells in SC chickens increased at days 4 ppi, whereas these cells were consistently lower in TK chickens. In contrast, TK CD4 ϩ cells were generally more numerous than SC CD4 ϩ cells following secondary infection, with the exception of day 6 post-secondary infection (psi). CD8 ϩ cells were noticeably higher in TK chickens at day 4 ppi but lower at days 2 and 4 psi (Fig. 3B) , whereas following secondary infection, CD8 ϩ cells were increased in SC compared to TK chickens at days 2 and 4 psi. Cells expressing the TCR␥␦ antigen were generally higher in SC chickens following both primary and secondary inoculations (Fig. 3C) . In contrast, TCR␣␤ ϩ cells in TK chickens exceeded those in SC chickens after primary infection but were reduced compared to the SC strain following secondary infection (Fig. 3D) . These alterations in TCR␥␦ ϩ -and TCR␣␤ ϩ -expressing cells were not seen with lymphocytes isolated from the peripheral blood or spleen (data not shown).
IFN-␥ mRNA expression following the primary and the secondary E. tenella infections. To investigate the involvement of IFN-␥ in CMI during coccidial infection, RT-PCR was used to quantify IFN-␥ mRNA expression in the spleen, cecal tonsils, and IELs. As shown in Fig. 4A , IFN-␥ mRNA expression in splenic lymphocytes progressively increased over time until day 8 ppi in both SC and TK chickens, with the latter displaying significantly higher levels at this time (P Ͻ 0.05). In contrast, following secondary infection, no significant differences in IFN-␥ mRNA expression were seen in either strain. Highest levels of IFN-␥ transcripts were detected in cecal tonsil lymphocytes, particularly in SC chickens, at days 4 and 6 ppi ( Fig.   4B ; P Ͻ 0.05). As in the spleen, no differences were noted in these cells following secondary infection. A notable exception was IELs, where gradually increasing levels of IFN-␥ mRNA were observed until day 8; levels were significantly higher in SC chickens than in TK chickens at day 8 ppi, while TK chickens showing higher level of IFN-␥ mRNA than SC chickens at day 8 psi (Fig. 4C ) (P Ͻ 0.05).
To investigate the cell type(s) producing IFN-␥ in cecal tonsil lymphocytes, we infected SC chickens with 10 5 oocysts of E. tenella, isolated cecal tonsil lymphocytes at days 4 and 6 ppi by density gradient centrifugation, depleted CD4 ϩ or CD8 ϩ cells by treatment with MAb plus complement, and quantified IFN-␥ mRNA in the remaining cells by RT-PCR. As shown in Fig. 5 , depletion of CD4 ϩ cells from cecal tonsil lymphocytes taken at days 4 or 6 ppi resulted in reduced IFN-␥ transcript expression, whereas depletion of CD8 ϩ cells increased mRNA expression more than twofold compared to control treatment (P Ͻ 0.05). The latter observation may be the result of a possible regulatory effect on IFN-␥ mRNA expression by CD8 ϩ cells. Furthermore, since IFN-␥ mRNA expression was not completely abolished by depletion of either cell type, it is likely that lymphocytes other than CD4 ϩ cells are involved in local IFN-␥ production.
DISCUSSION
The major findings of this study are as follows: (i) oral inoculation of chickens with E. tenella led to invasion of both the cecum and cecal tonsils, with higher fecal oocyst shedding in SC than TK chickens, (ii) greater numbers of CD4 ϩ cells were seen in the cecal tonsils in SC compared to TK chickens following primary infection, whereas the predominance of 
CD8
ϩ cells was seen in TK compared to SC chickens following secondary infection with E. tenella, (iii) SC chickens showed higher IFN-␥ mRNA expression in the cecal tonsils compared to TK chickens after primary infection, and (iv) CD4 ϩ but not CD8 ϩ cells are primarily involved in IFN-␥ production in the cecal tonsils following E. tenella infection.
The availability of inbred strains of chickens with different degrees of susceptibility to coccidiosis provides an opportunity to examine the effects of various parameters on protective immunity to coccidiosis. Major histocompatibility complex (MHC) and non-MHC genes have been shown to influence oocyst production and host immune responses to primary and secondary infections with Eimeria (6, 29) . In coccidiosis, some chicken strains which are relatively susceptible to primary infection show a high degree of resistance to challenge infection, whereas others are susceptible to both primary and secondary infections (5, 29) . SC and TK chickens used in this study possess different MHC genes and show different levels of susceptibility to E. acervulina (24, 25, 31, 32) . The present study demonstrated that SC chickens, which are more resistant to E. acervulina, are also less susceptible to E. tenella infection compared to TK chickens. The higher resistance of SC chickens may be related to their ability to produce higher levels of antigen-specific antibodies early in infection, their enhanced T-cell response to Eimeria antigens, and/or their greater innate /(a ϩ b) , where a represents the staining intensity of the target IFN-␥ band and b represents the intensity of the IFN-␥ competitor band. The y axis shows the index, a relative value of d normalized against an internal control, ␤-actin; representative data from two independent studies are shown. ‫ء‬ indicates significant difference at P Ͻ 0.05. coccidial inhibitory activity (29, 31) . Similarly, differences in resistance to Eimeria were also found in mice; resistant mice (BALB/c) produced fewer oocysts than those with a susceptible background (C57BL/6) (17, 39).
We found, rather unexpectedly, that E. tenella infects not only the cecum but also the cecal tonsils. Developing E. tenella schizonts were also seen in the bursa of Fabricius (unpublished observation). The cecal tonsils, located at the ileocecal junction, contain dense accumulations of lymphocytes and other cell types involved in antigen stimulation. Lymphocytes in cecal tonsils consist of 45 to 55% B cells and 35% T cells and are involved both in antibody production and CMI (1). Their immunological maturation and overall size are dependent on the degree of antigenic stimulation in the intestine (8) . Several investigations have indicated that cecal tonsil lymphocytes may be involved in the intestinal immune response to Eimeria. For example, during E. tenella infection, an increased number of leukocytes (43) and lymphoid nodules were found in the base of cecal tonsils, accumulating as dense aggregates of lymphocytes containing irregularly scattered lymphoid tissues and germinal centers (8) . Cecal tonsil lymphocytes exhibit considerable heterogeneity in surface phenotype and presumably in function (22) . The presence of developing parasites in the cecal tonsils and bursa of Fabricius supports the notion that IELs are involved in the transport of coccidia to other tissues (27) .
In the intestine, IELs play a critical role in a complex intercellular network during local infection processes. Cellular communication networks within the intestinal mucosa are bidirectional, with mucosal immune cells transmitting and receiving regulatory signals to and from other residents of the mucosa (46, 47) . In chickens, a variety of specialized lymphoid organs (e.g., cecal tonsils and bursa of Fabricius) and cell types (epithelial, lymphoid, antigen-presenting, and natural killer cells) have evolved in the gut tissues to defend against harmful intestinal pathogens such as coccidia (27) . In the study reported here, the number of CD4 ϩ cecal tonsil lymphocytes in SC chickens increased at days 4 and 6 ppi but remained consistently low during the same time period in TK chickens. CD8 ϩ cells, on the other hand, were noticeably more numerous in TK than in SC chickens following primary infection but significantly more numerous in SC chickens psi. It is tempting to speculate that the CD4 ϩ /CD8 ϩ cell ratio in these two chicken strains is related to their observed differences in resistance to coccidiosis. Although the nature of effector mechanism controlling disease resistance to E. tenella remains to be clarified, it is probable that both CD4 ϩ and CD8 ϩ cells are involved at different phases of host protective immunity. We cannot exclude another possibility, that a small subset of CD4 ϩ or CD8 ϩ cells may be responsible for resistance or susceptibility to coccidiosis as shown in Cryptosporidium muris (33) . In addition, TCR␥␦ ϩ and TCR␣␤ ϩ cells also may contribute differently to the host immune response to coccidia. One of the most profound features of mucosal immunity, compared to that of other tissues, is the presence of a relatively high percentage of TCR␥␦ ϩ cells (25, 27) . Intestinal TCR␥␦ ϩ cells influence the growth and differentiation of epithelial cells, as evidenced by the fact that mice lacking TCR␥␦ ϩ cells showed severely impaired development of the intestinal epithelia (4, 18) . Because TCR␥␦ ϩ cells recognize ligands that do not stimulate TCR␣␤ ϩ cells, activation of TCR␥␦ ϩ cells may be inherently unique and separable from that of TCR␣␤ ϩ cells (42) . In this regard, TCR␥␦ ϩ cells mediate specific cellular immune functions without the requirement for antigen processing and directly recognize invading pathogens or damaged cells (39, 45) . We observed that the number of TCR␥␦ ϩ cecal tonsil lymphocytes in SC chickens was generally higher than that in TK chickens following primary and secondary infections. In contrast, TCR␥␦ ϩ cell numbers were lower in SC than TK chickens during primary infection but higher following secondary infection.
Other investigations have also characterized the dynamics of intestinal lymphocyte subpopulations as a consequence of primary or secondary infection with Eimeria (25) . In E. acervulina infection, the proportions of CD4 ϩ , CD8 ϩ , and TCR␥␦ ϩ cells in duodenal IELs were significantly increased in chickens inoculated with E. acervulina (2) . After primary E. tenella infection, TCR␣␤ ϩ IELs appeared to be the main responding cell type in the cecum (44), whereas both TCR␣␤ ϩ and TCR␥␦ ϩ cells were found to cluster around sporozoites after secondary infection. However, the relative importance of these cells to resistance or susceptibility to coccidiosis was not clear. In murine E. vermiformis infection, TCR␣␤ ϩ knockout mice displayed defects in protective immunity whereas TCR␥␦ knockout mice showed exaggerated intestinal damage, apparently due to a failure to regulate the consequences of the T-cell response. However, Rose et al. (38) concluded that TCR␥␦ ϩ lymphocytes are not crucial to the establishment or control of primary infection with E. vermiformis.
With regard to the activities of cytokines during avian coccidiosis, IFN-␥ appears to play the predominant role (7, 26) . Chicken IFN-␥, like its mammalian homologue, regulates acquired immunity to Eimeria by activating lymphocytes and enhancing expression of MHC class II genes (21, 41) . IFN-␥ production in mice (35) and chickens (31, 50) has been used as a measure of T-cell responses to Eimeria antigens. Successful cloning of chicken IFN-␥ and expression of a functional recombinant IFN-␥ protein (9, 19, 20, 41) will undoubtedly lead to further understanding of its physiologic and immunologic roles in coccidiosis (26, 30) . In a recent study, recombinant chicken IFN-␥ protected chick fibroblasts from virus-mediated lysis, induced nitrite secretion from macrophages in vitro, and enhanced MHC class II antigen expression on macrophages (21, 32, 41) .
In a previous study, we demonstrated that IFN-␥ production in the intestine was higher in the intestinal tissues where coccidia develop, IFN-␥ mRNA expression was significantly elevated in infected chickens compared to uninfected controls, IFN-␥ levels were increased in SC compared to TK chickens, and production of this cytokine was seen in the intestine prior to the circulation (50) . Correlation of disease resistance with early local production of IFN-␥ indicates an important role of this cytokine in protective immunity. In the present study, we extended this concept of site-specific immunity to coccidia by quantifying the expression of IFN-␥ mRNA in various lymphoid tissues where E. tenella undergoes intracellular development. Using a sensitive RT-PCR, IFN-␥ transcript levels were shown to be higher in the cecal tonsils than in the spleen or IELs during the course of infection, particularly in SC compared to TK chickens.
The ability of SC chickens to express greater levels of IFN-␥ transcripts in cecal tonsil lymphocytes may be related to their enhanced disease resistance. IFNs have been reported to be inimical to parasites, probably because of their ability to inhibit parasite development (11, 26) , promote production of free radicals (10, 34) , activate antibody-dependent cell-mediated cytotoxicity (14) , and/or promote the release of cytoplasmic granules containing perforin and proteases (15, 16) . In any event, the data presented here support the hypothesis that local IFN-␥ production at the sites of parasite infestation is an important component of the host immune response to coccidia. Future studies to identify the nature of cell(s) involved in IFN-␥ production (23, 24, 40) and their interaction in eliciting local protective immunity to coccidia will lead to logical control strategies against this disease.
